Objectives Cerebrotendinous xanthomatosis (CTX) is a rare inherited neurodegenerative disorder in bile acid synthesis. The natural history of neurological abnormalities in CTX is not well understood. The object of this study was to determine neurological progression in CTX. Methods A literature search on PubMed for Bcerebrotendinous xanthomatosis^yielded 91 publications that reported cases of CTX patients. Two independent reviewers abstracted information about the presence and age of onset of neurological abnormalities in published CTX cases. For each neurological abnormality, we estimated the probability of its onset at any given age using cumulative incidence function analysis. We also present our own case series, in which five CTX patients were evaluated. Results The literature search yielded 194 CTX cases (ages ranging from newborn to 67 years old). The most common neurological abnormalities were corticospinal tract abnormalities including weakness, hyperreflexia, spasticity, Babinski sign (59.8%), ataxia (58.8%), cognitive decline (46.4%), and gait difficulty (38.1%); 68 (35.0%) had baseline cognitive problems. Cumulative incidence function analysis revealed that ataxia, gait difficulties, and corticospinal tract abnormalities developed throughout life, while cognitive decline tended to develop later in life. Of the less common neurological abnormalities, seizures, psychiatric changes and speech changes developed throughout life, while parkinsonism and sensory changes tended to develop later in life. Our case series corroborated this temporal pattern of neurological abnormalities. Conclusion We provide estimates for the neurological progression of CTX, categorizing neurological abnormalities according to time and probability of development. Our approach may be applicable to other rare disorders.
Introduction
Cerebrotendinous xanthomatosis (CTX) is a rare inherited neurodegenerative disorder in bile acid synthesis associated with mutations in the CYP27A1 gene and elevation in cholestanol levels (Moghadasian et al 2002; Degos et al 2016) . Systemic abnormalities in CTX include tendon xanthomas, juvenile cataracts, and chronic diarrhea Moghadasian et al 2002) . Neurological symptoms are typically progressive, including cognitive or psychiatric changes, ataxia, spasticity, weakness, sensory impairment, and speech changes, or more rarely, parkinsonism or seizures Moghadasian et al 2002) . While treatment with chenodeoxycholic acid (CDCA) can lower cholestanol levels, some CTX patients experience progressive symptoms even on CDCA (Berginer et al 1984; Moghadasian et al 2002) . It is unclear whether this is due to late initiation of CDCA or due to symptom progression recalcitrant to CDCA, but in any case, this highlights the importance of development of novel therapies for CTX. Future development of any treatment for CTX requires understanding the progression of neurological symptoms in CTX, as any potential therapy should demonstrate modulation of neurological progression. While the symptom constellation of tendon xanthomas, cataracts, diarrhea, and neurological abnormalities have been documented in the past, little attention has been given to the progression of neurological abnormalities over time. The goal of this study is thus to analyze the neurological progression of CTX. Given that CTX is a relatively rare disease, we present an approach to evaluate the temporal progression of neurological abnormalities based on analysis of published cases of CTX in the current literature. We also present a new case series of CTX to illustrate the temporal progression of neurological abnormalities.
Methods

Literature review
In the literature review, we reviewed published case series or cohorts of CTX patients. A search performed in January 2016 using PubMed for Bcerebrotendinous xanthomatosis^yielded 590 publications. We excluded papers not published in English, papers not about human patients, review papers, and papers without clinical case descriptions of CTX. Two independent reviewers (J.C.W., K.W.) analyzed the CTX cases reported in these publications. For each case reported, we documented the presence and age of onset (if available) of the following neurological abnormalities: 1) cognitive decline, 2) ataxia, 3) corticospinal tract abnormalities (CST, including weakness, hyperreflexia, spasticity, Babinski sign), 4) sensory loss, 5) speech changes, 6) gait difficulty, 7) psychiatric changes, 8) seizure, and 9) parkinsonism. We also documented the presence and age of onset of the following non-neurological abnormalities: 1) diarrhea, 2) xanthomas, and 3) cataracts. If a patient was first reported to have an abnormality at or by a certain age, then that age would be considered the age of onset. CDCA treatment and age of treatment initiation if applicable were also documented. CDCA treatment was considered an independent event from neurological abnormalities.
Some reports provided qualitative information about the timing of onset of neurological or non-neurological abnormalities without stating the exact ages of onset. We estimated the ages of onset in these cases using the following rules: if the decade of onset (such as B30s^) of onset was known, then the decade (i.e., B30 years old^) would be noted as age of onset. If a patient had the abnormality since infancy, age of onset would be noted as B1 year old^. If a patient had the abnormality since childhood or Bschool age^or Bearly age^, age of onset would be noted as B10 years old^. If patient had the abnormality since teenage years, age of onset would be noted as B15 years old^.
Data analysis
Statistical analysis was performed using SAS 9.4 (SAS Institute Inc.). For each abnormality, we estimated the proportion of patients with onset of that abnormality at any given age using the cumulative incidence function (CIF) (Putter et al 2007; Varadhan et al 2010) . This estimate correctly accounts for patients who never had the abnormality prior to loss to follow up or never had the abnormality prior to death. Briefly, the CIF is the probability of experiencing an event within a time interval (Putter et al 2007; Varadhan et al 2010) . At a given time point, the cumulative incidence function is the probability of experiencing the event before that time and before occurrence of a different type of event (Austin et al 2016) . This method is preferred over the Kaplan-Meier estimate, which does not take into account the competing risk of death which precludes the primary event of interest (i.e., onset of the neurological abnormality) (Putter et al 2007; Varadhan et al 2010) . The CIF accounts for the competing risk of death by taking into account the cause-specific hazard (instantaneous rate of experience an event at a specific time) of both the abnormality and death (Putter et al 2007; Zhang et al 2008; Varadhan et al 2010) .
For some patients, the reports indicated presence of symptoms, but the age of onset was unknown. To roughly account for this missing data, we estimated two CIFs, one Bworst case scenario^and one Bbest case scenario.^For the Bworst^case CIF, we assumed that symptom onset occurred at the earliest age of onset in that domain observed within our cohort. For the Bbest^case CIF, we assumed that symptom onset occurred just prior to last follow up. These estimates should bracket the estimate we would obtain if we had no missing age of onset data.
Patients
In our case series, five patients with biochemically confirmed CTX were evaluated by neurologists (including F.S.E.) at Massachusetts General Hospital in a pediatric and adult neurology clinic. This retrospective medical record review was approved by the Partners HealthCare (Massachusetts General Hospital) institutional review board. Our CTX case series was not included in the CIF analysis, as above, in order to provide a comparison with CTX cases obtained from literature.
Results
Summary of literature review
Literature review included 91 unique publications reporting case series of CTX patients (Menkes et al 1968; Schimschock et al 1968; Stahl et al 1971; Salen and Polito 1972; Farpour and Mahloudji 1975; Schreiner et al 1975; Canelas et al 1983; Berginer et al 1988a, b; Chang et al 1992; Hokezu et al 1992; Mondelli et al 1992; Wevers et al 1992; Dotti et al 1994; Meiner et al 1994; Nakashima et al 1994; Dotti et al 1995; Soffer et al 1995; Kuwabara et al 1996; Watts et al 1996; Dormans et al 1997; Chen et al 1998; Kawabata et al 1998; Wakamatsu et al 1999; Barkhof et . Within these publications, there was clinical information on 194 CTX patients (83 female, 110 male, one unspecified) with ages ranging from newborn to 67 years old. In 134 (71.6%) of these cases, cholestanol level testing was performed. In 89 (45.9%) of these cases, genetic testing for mutations in the sterol 27-hydroxylase gene (CYP27A1) was performed. Eighty (41.2%) of these patients were reported to have received CDCA. Of these 194 CTX patients, 116 (59.8%) had CST abnormalities, 114 (58.8%) had ataxia, 90 (46.4%) had cognitive decline, 74 (38.1%) had gait difficulty, 41 (21.1%) had sensory loss, 37 (19.1%) had seizure, 36 (18.6%) had speech changes, 34 (17.5%) had psychiatric changes, and 19 (9.8%) had parkinsonism; 68 (35.0%) had baseline cognitive problems. Nonneurological symptoms were also documented: 147 (75.8%) had cataracts, 138 (71.1%) had xanthomas, and 42 (21.6%) had diarrhea. There were 14 (7.2%) CTX patients with reported death from any cause.
Temporal analysis of neurological abnormalities
We used the cumulative incidence function (CIF) to estimate the probability of developing a neurological abnormality at a given age (Varadhan et al 2010) . The CIF for each neurological abnormality is visualized, categorized by early, middle and late onset (Fig. 1) . The number of cases that reported ages of onset for each abnormality is as follows: 53 for ataxia, 51 for CST abnormalities, 50 for cognitive decline, 61 for gait difficulty, 25 for sensory loss, 21 for psychiatric changes, 27 for speech changes, 23 for seizure, nine for parkinsonism, 33 for diarrhea, 66 for xanthomas, and 73 for cataracts. As discussed above, patients who had neurological abnormalities without reported ages of onset or estimated ages of onset were included in the CIF analyses using the Bbest^and Bworstĉ ase estimates. We also present the CIF for the initiation of CDCA (n = 66) as a comparison (Fig. 2) and death from any cause (n = 14 cases) ( Fig. 3) . Practically, CIF graphs can be interpreted in the following way. For each abnormality, CIF is the probability that a CTX patient develops that symptom at any given age. For example, at age of 30 years old, there is an approximately 20% (best case estimate) to 40% (worst case estimate) probability of developing ataxia. While the various CIF analyses were largely descriptive of each neurological abnormality, some patterns in temporal progression of neurological symptoms were observed ( Fig. 1a, b ). Ataxia, CST abnormalities, and gait difficulty appeared to develop throughout life with relatively high probability of development. Seizures, psychiatric and speech changes also developed throughout life, but with relatively lower probability of development. Cognitive decline developed throughout life, but weighted later in life, with relatively high probability of development. Parkinsonism and sensory changes tended to occur later in life, but with relatively lower probability compared to cognitive decline. As for nonneurological abnormalities, cataracts tended to develop earlier and throughout life; xanthomas developed throughout life; and diarrhea developed throughout life with relatively lower probability ( Fig. 2) . Thus, the various neurological and non-neurological abnormalities occur throughout life, but can be categorized into those that tend to develop earlier, throughout or later in life, with higher or lower probability of development (Table 1) .
There were not enough CTX cases who started CDCA prior to age 20 to determine the association between treatment initiation of CDCA and symptom development. CDCA treatment tended to be initiated throughout life (with a pattern that matched the progression of symptoms such as ataxia, CST, and gait abnormalities), which could be due to confounding by indication (i.e., CDCA was likely initiated with worsening symptoms) or delay in diagnosis of CTX (i.e., average diagnostic delay is 15-20 years from symptom onset) (Pilo-de-la- 
Summary of case series
In our case series of five CTX patients, average age at diagnosis was 34.2 ± 6.8 years old (yo). 
Case 1
This 35-year-old man with normal developmental history was diagnosed with CTX at 28 yo. He had chronic diarrhea at 14 yo, required bilateral cataract removal by 27 yo, and had declining memory. On initial exam at 29 yo, he had dysarthria, fine beating nystagmus on leftward gaze, mild end target tremor, hyperreflexia, bilateral Babinski signs, decreased sensation in lower extremities, and leftward drift of gait. He had elevated cholestanol level (25.3 μg/mL), diffuse slowing on EEG, and bilateral dentate nuclei encephalomalacia and deep white matter hyperintensities on MRI brain. He was started on CDCA 250 mg TID, and after 6 months, he had improved gait, memory and tremor, with normalization of cholestanol levels. However, at 30 yo, he had worsening cognition and control of temper. Due to increased ALT and AST levels, CDCA dose was reduced to once daily. At 34 yo, he had worsened gait and speech, and increased hyperactivity. MRI brain showed worsening cerebellar lesions. Coenzyme Q10 was added. At 35 yo, he had worsened abulia, paucity of speech, impulsiveness, agitation, tremor, and erratic and shuffling gait. CDCA dose was doubled, but he continued to decline. Notably, however, he never developed tendon xanthomas.
Case 2
This 33-year-old man was diagnosed with CTX at 27 yo. Since infancy, he had chronic diarrhea, and since school age, he had learning difficulties. He developed bilateral Achilles tendon xanthomas at 13 yo. At 27 yo, elevated cholestanol confirmed CTX diagnosis and he was started on CDCA 250 mg BID. After 7 months of CDCA, there was improved mood and gait, and decreased cholestanol levels. At 29 yo, he only had mild ataxia when walking. At 30 yo, he remained neurologically stable, but had worsened Achilles tendon xanthomas and urinary bile acid levels. CDCA was increased to 500 mg BID, and simvastatin was added. By 31 yo, cholestanol level had normalized. He remained neurologically stable, but had continued xanthoma growth. CTX gene sequence testing confirmed heterozygosity for two mutations in CYP27A1 (p.R127Q:c.380G>A and p.R395C:c.11830T) and a novel variant (p.Y99C:c.296A>G).
Case 3
This 36-year-old woman was diagnosed with CTX at 34 yo. Since early childhood, she had chronic diarrhea, painless swelling of Achilles tendons, mild developmental delay and mildly wide-based gait. She required bilateral cataract removal at 9 yo. At 31 yo, she developed progressive weakness and falls. On initial exam at 34 yo, she was wheelchair-bound, dysarthric, dysphagic, and had head bobbing. Exam was notable for nystagmus, ataxia, and distal peripheral neuropathy. MRI brain with T2 FLAIR hyperintensity with cerebellum and pons with mild atrophy, elevated cholestanol level and homozygous CYP27A1 mutation (p.R474W: c.1420C>TW) confirmed diagnosis of CTX. She was started on CDCA 250 mg TID. She fractured her ankle multiple times that year, The CIF provides an estimate of the probability of death at any given age after which she was no longer able to walk. She developed worsened head shaking movements, dysphagia, dysarthria, and mood instability. Since starting CDCA, her chronic diarrhea resolved, but neurological symptoms progressed. By 36 yo, she was unable to ambulate, non-verbal, severely spastic, and dependent in activities of daily living.
Case 4
This 68-year-old man was diagnosed with CTX at 41 yo, with first symptoms of Achilles tendon xanthomas, ataxia, and cataracts. He also had chronic urinary incontinence. CDCA was started at 44 yo, and cholestanol level normalized at 55 yo. At 57 yo, he remained stable on CDCA. Examination was notable for mild dysarthria and shuffling, wide-based, slow gait. Two years later, he was stable, except for slower gait. MRI brain at 65 yo showed mild cerebellar abnormalities. At 66 yo, over 6 months, he became much slower, had decreased mobility, and required aid for ambulation. Exam was notable for parkinsonism, including decreased blink rate, cogwheeling at the right wrist, and stooped posture.
Case 5
This 40-year-old man presented with elevated urinary bile alcohols, Achilles tendon xanthomas, and recent cataract surgery. He had no history of developmental delay, but required special tutoring in school. His history included bile duct obstruction at 10 weeks old, and seizure at 24 yo. On initial exam, he had tremor of outstretched hands, decreased distal vibration sensation in legs, and ataxia with poor coordination and tandem gait. CDCA 250 mg TID was initiated at 41 yo without improvement. MRI brain showed bilateral cerebellar lesions. EMG/NCS revealed evidence of peripheral neuropathy. By 42 yo, he developed dysarthria. At 43 yo, he developed worsening speech with word-finding difficulty, increased ataxia and ambulatory difficulty, dysphagia, increased tone in extremities, and a more withdrawn personality. He was started on lovastatin 20 mg QPM, but speech, swallowing and gait continued to decline. Exam at 45 yo showed worsened dysarthria, increased tone in extremities, slow and clumsy fine finger movements, bilateral Babinski signs, and a very widebased ataxic gait. He continued to deteriorate, and died at 46 yo. 
Discussion
We evaluated the temporal progression of neurological abnormalities in CTX, which is a neurodegenerative, potentially disabling disorder. As CTX is a relatively rare disorder, there are limited numbers of cases at any particular medical center, so the ability to analyze information about this disorder from existing published cases is essential. Using the cumulative incidence function (CIF) to analyze information abstracted from these published cases, we visualized the probability of developing various neurological abnormalities at any given age. These estimations provide a baseline for comparison with CTX patients in the clinical setting. Based on the CIF analysis, we categorized neurological and non-neurological abnormalities based on whether they tend to develop earlier, throughout or later in life, and based on whether they have a higher or lower probability of development (Table 1 ). In summary, baseline cognitive problems were seen in about one third of cases. Of the most common abnormalities, gait difficulty, ataxia, CST abnormalities, and xanthomas developed throughout life, while cognitive decline tended to develop later in life. Of the less common abnormalities, seizures, psychiatric changes, speech changes, and diarrhea developed throughout life, while parkinsonism and sensory changes tended to develop later in life. Similarly, in our case series, we observed that ataxia, CST abnormalities, gait difficulty, speech changes, and psychiatric changes tended to occur throughout the course of life, while cataracts were relatively early and parkinsonism was relatively late in the course of disease. In our case series and literature review, some cases had stabilization or improvement of neurological abnormalities with CDCA, but other cases reported continued progression of neurological abnormalities with CDCA.
Comparing with previous studies, in a retrospective study of 13 CTX cases, there were early cognitive difficulties, and then development of gait difficulty, peripheral neuropathy, and psychiatric symptoms (Degos et al 2016) . A retrospective review of 55 CTX cases reported intellectual disability and epilepsy with earlier onset, and spasticity, ataxia, polyneuropathy, and parkinsonism with later onset (Mignarri et al 2014) . Parkinsonism can be seen in CTX cases, and usually occurs later in life (Su et al 2010; Mignarri et al 2012b) .
The neurological abnormalities in CTX correlate with the known widespread abnormalities in the peripheral and central nervous systems, including cerebellum, corticospinal tract, lateral and posterior spinal cord, and basal ganglia. In one of the earliest reports of CTX, there was atrophy in the cerebellum including the dentate nuclei; demyelination and degeneration of the pyramids, atrophy of cerebral peduncles, and gliosis of the internal capsule; demyelination in the lateral and posterior columns of the spinal cord; neuronal loss in the olives; and some basal ganglia involvement (Van Bogaert et al 1937; Schimschock et al 1968) . Peripheral nerves could be normal (Philippart and Van Bogaert 1969) , or abnormal with loss of myelinated fibers and elevated cholestanol levels (Katz et al 1985; Soffer et al 1995) . Another neuropathological study of CTX likewise reported degeneration of the cerebellum especially in the dentate nuclei; neuronal loss in olives and pontine nuclei; abnormalities in the cerebral peduncles, middle cerebellar peduncles, pontine tegmentum and pyramids; lesions in the lateral and posterior spinal cord; and optic tract nerve fiber loss (Soffer et al 1995) . Interestingly, in our study, despite the relatively high probability of cognitive decline later in life, there remained a relatively low probability of seizures and psychiatric changes, suggesting that cognitive decline could not be attributed to seizures or psychiatric changes alone. Future studies are needed to examine the relationship between neuropathological features (such as white matter lesions, or cerebellar degeneration) and cognitive decline in CTX. While it is known that there are abnormal lipid deposits in the central nervous system in CTX, future studies are also needed to elucidate the mechanisms through which abnormally elevated bile precursors (i.e., cholestanol and bile alcohols) are related to neuropathological abnormalities in CTX (Soffer et al 1995; Gonzalez-Cuyar et al 2007; Nie et al 2014) .
Our study had several limitations. CTX cases published in the literature might not be fully representative of all CTX cases as they were not randomly sampled. For neurological or nonneurological abnormalities that occurred prior to first clinical assessment, reporting might be subject to recall bias. A symptom that was not reported was not necessarily absent. Furthermore, only a minority of cases reported ages of onset of neurological abnormalities, and ages of onset in some of these cases were estimated from qualitative information. Ages of onset of these neurological abnormalities were more likely overestimated than underestimated, as there could have been symptom onset prior to the ages when they were first noted in clinical assessments. It is unclear from our analysis whether CDCA altered the natural history of decline in CTX, so this question would best be answered with a prospective study. An important limitation to consider in our case series is that cases seen in a subspecialty pediatric or adult neurology clinic could be neurologically more severely affected than the general patient population.
We analyzed the progression of neurological abnormalities in CTX, categorizing neurological and non-neurological abnormalities according to time and probability of development. While a prospective study is ideal to study clinical progression in a disease, it is often not feasible for rare diseases such as CTX. Our approach takes advantage of abundant information in the literature about a rare neurological disorder for which there is often limited clinical information, and may be applied to other rare disorders. Knowledge of neurological progression in CTX is important both for clinical prognostication and management, and for development of efficacious therapies for CTX. Future studies will involve continued prospective follow-up of CTX patients, and evaluation of any changes in neurological progression of CTX with novel therapies.
